Background and objective: Craniofacial structure is an important determinant of obstructive sleep apnoea (OSA) syndrome risk. Three-dimensional stereophotogrammetry (3dMD) is a novel technique which allows quantification of the craniofacial profile. This study compares the facial images of OSA patients captured by 3dMD to three-dimensional computed tomography (3-D CT) and two-dimensional (2-D) digital photogrammetry. Measurements were correlated with indices of OSA severity. Methods: Thirty-eight patients diagnosed with OSA were included, and digital photogrammetry, 3dMD and 3-D CT were performed. Distances, areas, angles and volumes from the images captured by three methods were analysed. Results: Almost all measurements captured by 3dMD showed strong agreement with 3-D CT measurements. Results from 2-D digital photogrammetry showed poor agreement with 3-D CT. Mandibular width, neck perimeter size and maxillary volume measurements correlated well with the severity of OSA using all three imaging methods. Mandibular length, facial width, binocular width, neck width, cranial base triangle area, cranial base area 1 and middle cranial fossa volume correlated well with OSA severity using 3dMD and 3-D CT, but not with 2-D digital photogrammetry. Conclusion: 3dMD provided accurate craniofacial measurements of OSA patients, which were highly concordant with those obtained by CT, while avoiding the radiation associated with CT.
INTRODUCTION
Obstructive sleep apnoea (OSA) is defined as the occurrence of repetitive episodes of upper airway obstruction during sleep. 1 OSA is associated with risk factors for upper airway collapse, including obesity, male gender, 2 small upper airway size, 3, 4 ventilator control mechanisms [5] [6] [7] and elements of sleep and circadian rhythm control. 8, 9 The airway collapse in OSA is the result of anatomical and functional abnormalities of the upper airway. An anatomical imbalance might be a large tongue for the maxillomandibular size when compared with non-OSA subjects. 10 Craniofacial structures are linked to phenotypes of OSA and are important in the diagnosis and treatment of OSA. [11] [12] [13] [14] Craniofacial imaging is not routinely performed in patients with OSA. Although cephalometric radiography is useful in selecting surgical procedures, 15, 16 it is limited to the sagittal plane, whereas measurements in the coronal plane are more relevant to OSA evaluation. 17, 18 Three-dimensional computed tomography (3-D CT) provides a more comprehensive analysis of the upper 
SUMMARY AT A GLANCE
Craniofacial structure is an important determinant of obstructive sleep apnoea (OSA) syndrome risk. Rapid quantitative analysis of facial surface morphology is needed for large population-based studies. Radiationfree three-dimensional stereo-photogrammetry provides accurate craniofacial measurements in patients with OSA which are highly concordant with those obtained by computed tomography.
airway and its surrounding soft tissues. 19 However, it is more expensive, involves radiation exposure and is not available in all clinical settings. Radiation exposure and access to a scanner remain a concern when 3-D CT is to be employed for population-based studies.
Lee et al. developed a method that provided rapid quantitative analysis of facial surface morphology using digital photographs from a standard digital camera. 20, 21 Using this technique, Lee et al. were able to differentiate subjects with OSA from control, 20 and they were able to correlate measurements of craniofacial landmarks with OSA severity. 22 Although this technique avoids radiation exposure, it provides only twodimensional (2-D) measurements.
Another surface acquisition system, three-dimensional stereo-photogrammetry (3dMD), can perform 3-D anthropometric analyses. The precision and accuracy of 3dMD has been shown to be superior to either direct anthropometry or 2-D photogrammetry. 23, 24 3dMD volume measurements performed on mastectomy specimens before and after surgery provided accurate measurements of breast tissue volume. 25 In comparison with CT, the difference in orthodontic soft tissue parameters was found to be clinically acceptable. 26, 27 The advantages of the 3dMD include a radiation-free technique, ultra-high speed image capture (1.5 ms), and the ability to position subjects in a comfortable, upright position. Thus, the 3dMD could provide a valuable tool for facial phenotyping of patients with OSA and rapid quantitative analysis of facial surface morphology.
This study compares the facial images of OSA patients captured by 3dMD to images from 3-D CT and 2-D photogrammetry. It further correlates measurements obtained from all three methods with indices of OSA severity. The underlying hypothesis was that 3dMD would be comparable to 3-D CT and better than 2-D photogrammetry due to the acquisition of 3-D information.
METHODS

Subjects
This study was approved by the Chang Gung Medical Foundation Institutional Review Board (IRB No.99-3850B, 100-4568A3 and 102-0494A3) and written informed consent was obtained from all subjects prior to their participation in the study. All authors confirmed that all methods of this study were performed in accordance with the relevant guidelines and regulations.
Subjects enrolled in this study were consecutive patients with a diagnosis of OSA (apnoea-hypopnoea index (AHI) ≥ 5 events/h) who had at least two of the following symptoms: snoring, daytime sleepiness, witnessed breath-holding during sleep or unrefreshed sleep. Patients with a history of congenital or acquired craniofacial abnormalities or orthodontic surgery were excluded.
Polysomnography
Diagnostic polysomnography was performed in accordance with previous studies and recommendations. 28, 29 Sleep staging and respiratory events were determined using standardized definitions. 30 Polysomnography scoring was performed by experienced accredited sleep technologists.
2-D photogrammetry
Frontal and profile digital photographs of the head and neck were obtained with a standardized setup based on the technique of Lee et al. 20 Briefly, subjects were photographed in the natural head position while standing upright. Prior to the photographs, certain bony and cartilaginous landmarks were pre-identified on each subject by palpation and marked (Fig. 1) . Using image analysis software (Image J v1.38, NIH, Bethesda, MD, USA), craniofacial landmarks of interest were captured as pixel coordinates (x, y) of the images which were then transferred to a datasheet. The mathematical equations provided by Lee et al. 20 were used for the calculation of linear, angular, area and polyhedral volume measurements.
Validation of measures from 2-D photogrammetry
To validate the measurements from 2-D photogrammetry, 10 patients were randomly selected. The raw photogrammetry sets from these 10 patients were analysed by two independent operators, one technician in Taoyuan (Taiwan) and another expert with extensive experience in this analysis in Sydney (Australia). This expert in Sydney is one of the investigators who developed and applied the method of rapid quantitative analysis of facial surface morphology. 22 The measurements by the Sydney expert are used as a standard and the comparison of the measurements between these two operators is to evaluate the technician's training in Taoyuan. A total of 131 measurements of craniofacial profile for each patient were produced using this same photogrammetry technique, including 70 lines, 21 angles, 23 areas and 17 volumes. 20 The intraclass correlation coefficient (ICC) for continuous variables was used as the inter-rater reliability measure to examine the agreement among two raters.
3-D computed tomography
Spiral CT of the head and neck was performed in the supine position while the patient was awake using a SOMATOM Sensation 64 CT scanner (Siemens, Erlangen, Germany). The patient's head was positioned with the Frankfort horizontal (FH) plane perpendicular to the ground. Throughout the scan, patients were instructed not to swallow, to keep their mouth closed and to maintain a centric occlusion bite.
Images were stored in DICOM format and rendered into volumetric images using AVIZO version 7.0 software (VSG, France). The same surface landmarks were identified as those used in the 2-D photogrammetry. The measurements of linear distance between two surface landmarks were the Euclidean distance calculated by AVIZO. The area measurements were the plane passing through identified landmarks and the margin was geodesic surface of reconstructed 3-D image (Fig. S1 , Supplementary Information). The volume measurement was the volume of a Euclidean polytope with edges determined by identified surface landmarks, computed by AVIZO.
3-D stereo-photogrammetry
The 3dMDcranial5 system (3dMD LLC, Atlanta, GA, USA) was used according to manufacturer's instructions. Each subject was placed in a natural uprightseated position and given a stocking cap to cover their hair while ensuring adequate exposure of both ears and the entire face. Surface markings were identified by palpation and marked in the same manner as described for 2-D digital photogrammetry.
Images were captured and displayed as in Video S1 (Supplementary Information). The 3-D data from capture sessions were automatically stored as a. TSB file and then exported as. STL for analysis by AVIZO version 7.0 software (VSG; Fig. S2 (Supplementary Information) ). The measurements of lines, area and volume were computed by AVIZO with the same methods used in 3-D CT.
Comparative analysis of methods
Twenty-five measurements (including 12 lines, 5 angles, 3 areas and 5 volumes) were selected and analysed according to previous studies (Fig. 1) . 20, 22 These measurements represented the dimensions and relationships between various craniofacial regions including the face, mandible, maxilla, eyes, nose, head and neck. These 25 facial profile measurements were calculated for each patient using 2-D photogrammetry, 3dMD and 3-D CT.
Statistical analysis
Twelve subjects were required to reach a power of 80% and for the agreement analysis of three different measurements to reach an ICC of at least 0.90. Statistical analysis was performed with SPSS (v13.0 for Windows, SPSS Inc., Chicago, IL, USA). The ICC for continuous variables was used as the inter-rater reliability measure to examine the agreement among three different imaging methods and among two different raters. The levels of agreement using the ICC were classified as follows: 0.00-0.25 = little, 0.26-0.49 = low, 0.50-0.69 = moderate, Figure 1 Two-dimensional photogrammetry. Photographic landmarks in profile and frontal views. Landmarks pre-identified on subject: gol, left gonion; gor, right gonion. Landmarks digitized on photographs: t, tragion; n, nasion; sn, subnasion; sto, stomion; gn, gnathion; me, mentum; thy, thyroid; go, gonion; tl, left tragion; tr, right tragion; gol, left gonion; gor, right gonion; exl, left exocanthion; exr, right exocanthion; enl, left endocanthion; enr, right endocanthion; all left alare; alr right alare; neckl, left neck; neckr, right neck; n-gn, total face height; n-sn, nose height; n-sto, upper face height; me-go, mandibular length; t-go, posterior mandibular height; tl-tr, facial width; gol-gor, mandibular width; enl-enr, intercanthal width; exl-exr, binocular width; all-alr, nose width; nl-nr, neck width; l-r-ap-neck, neck perimeter; go-n-me, mandibular-nasion 2 angle; go-sn-me, mandibular-subnasion 2 angle; gor-me-gol, mandibular widthlength angle; tr-sn-tl, facial width-mid facial depth angle; tr-me-tl, facial width-lower facial depth angle; l-r-a-p-neck, neck circumference area; tl-n-tr, cranial base triangle area; tl-exl-exr-tr, cranial base area 1; tl-tr-n-sn, middle cranial fossa volume; tl-tr-sn-me, maxillary volume; tl-tr-gol-gor-me, mandibular volume; gol-gor-me-thy, total anterior neck space volume 1; tl-tr-me-thy, tragion neck soft tissue volume 1. Written permission has been obtained from the subject to publish this photograph.
0.70-0.89 = strong and 0.90-1.00 = very strong. 31, 32 Pearson correlation analysis was used to examine the relationships among surface facial measurements and the AHI. One-way analysis of variance (ANOVA) was used to compare means from three groups from one variable. A P-value <0.05 was considered statistically significant.
RESULTS
Subject characteristics
Fifty-six consecutive patients were screened, including 54 male patients and two female patients. Eighteen subjects were excluded (16 male patients and 2 female patients) because they did not complete all three image measurements. Thirty-eight subjects were included in this study and their characteristics are shown in Table 1 .
Validation of 2-D photogrammetry measures
Of the 131 craniofacial measurements, 110 (84%) had strong or very strong agreement (i.e. an ICC Cronbach's alpha ≥0.7) between the two independent scorers, comparable to prior published results. 20 There were 21 measurements with moderate, low and little agreement (ICC < 0.7) and the variability primarily involved differences between raters regarding landmarks on the photos.
Agreements among methods to measure OSA craniofacial features
Agreements between the three methods of measurement of OSA craniofacial features are shown in Table 2 . The agreements between 3dMD and 3-D CT were strong with Cronbach's alpha values above 0.917. There was a strong agreement between 3-D and 2-D images in 9 of 25 measurements (i.e. total facial height, nose height, upper facial height, mandibular width, nose width, neck width, neck perimeter, neck circumference area and maxillary volume). The absolute mean values of measurement for each of the 12 craniofacial Figure 2 .
Relationship of craniofacial measures with OSA severity
The measurements of mandibular width, neck perimeter and maxillary volume demonstrated a significant correlation with OSA severity using 3dMD, 3-D CT and digital photogrammetry (Table 3 ). The measurements of mandibular length, facial width, binocular width, neck width, cranial base triangle area, cranial base area 1 and middle cranial fossa volume correlated with OSA severity using 3-D CT and 3dMD, but not with digital photogrammetry (Table 3 ). Figure 3 shows the linear relationships between neck perimeter and AHI (Fig. 3A) and between mandibular length and AHI (Fig. 3B) . All three imaging methods showed good correlation between measurement of neck perimeter and AHI (Fig. 3A) . However, mandibular length correlated with AHI only for 3dMD and 3-D CT (Fig. 3B) . A multivariate predictive model in predicting OSA severity by 3dMD was created (r = 0.523, P = 0.058): AHI = −193.0 + 64.3 × mandibular length + 114.8 × neck width + 41.4 × neck perimeter − 18.5 × cranial base area 1 + 0.0038 × maxillary volume.
DISCUSSION
Our study used 3dMD to capture craniofacial features of OSA patients. 3dMD is a noninvasive surface imaging technique that provides anatomical 3-D images which precisely delineate the shape and size of the face. This study confirms a strong agreement in craniofacial measurements between 3dMD and 3-D CT. This opens opportunities for clinical applications as it offers advantages over more sophisticated imaging methods. CT-based measurement can provide accurate anatomical information; however, the risk from radiation exposure renders CT untenable in larger OSA population-based studies.
Compared with measurements obtained using 2-D photogrammetry, 3dMD measurements showed better agreement with those of 3-D CT. Lack of agreement between 3-D and 2-D methods generally concerned measurements involving the landmarks, gonion and tragion, including mandibular length, posterior mandibular height, mandibular width-length angle, facial width-mid facial depth angle and total anterior neck space volume 1.
Facial landmark location is a difficult challenge for 2-D photogrammetry analysed by different raters. Compared with the measurements scored by the Sydney group, 21 (16%) measurements showed moderate to little agreement. The variability in the difference between two different raters locating the landmarks about the exocanthion, endocanthion and volume, angle or distance at the neck soft tissues involved a difficulty in identifying an accurate point using 2-D photogrammetry. The problem was resolved when the facial images were captured and analysed by 3dMD. As 3dMD and AVIZO allow rotation of the images on any axis, this method enables the operator to locate these points more precisely. Two indices of 2-D photogrammetry correlated better to the AHI than the indices of 3-D measurements, mandibular volume (tl-tr-gol-gor-me) and tragion neck soft tissue volume (tl-tr-me-thy). We found it difficult to identify consistent facial surface point of gonion, mentum and thyroid in obese subjects in 3-D measurements. In 2-D photogrammetry, the photographer palpated the subject's mandible and marked the gonion. But, in 3dMD and 3-D CT, due to the reconstruction of the image by AVIZO, the facial mark cannot be reserved in reconstructed image. When the rater performed measurements of 3dMD and 3-D CT, the surface landmarks needed to be relocated using AVIZO. This may be resolved by a built-in equation in 3dMD software to measure the areas and volumes to be studied.
Based on prior report by Lee et al., 20 linear relationships were identified between OSA severity and some craniofacial measurements. Our results also revealed that OSA severity correlated with 6 craniofacial measurements by 2-D photogrammetry and 10 measurements of craniofacial features by 3dMD and 3-D CT. Mandibular width, neck perimeter and maxillary volume were significantly correlated with the severity of OSA by all three measurement methods. In cranial base, middle cranial fossa volume, cranial base triangle area, facial width and mandibular length, the measurements by the 3dMD and 3-D CT showed better result than 2-D photogrammetry. Some studies have reported that Asian OSA patients have more craniofacial bony restriction and are less obese than white patients for a similar severity of OSA. 33, 34 The cranial base dimensions in Far-East Asian males were significantly decreased. 33 Lam et al. reported that Asian OSA patients had higher Mallampati oropharyngeal score, smaller thyromental distance and larger thyromental angle than white patients. 35 The effects of different ethnicity on craniofacial measurements in OSA patients could be an important factor but need further research to confirm.
A multiple regression analysis was carried out on all 25 measurements to check their predictive ability. None of the regression coefficients of the 25 measurements were significant. In predicting OSA severity by 3dMD, a multivariate predictive model including mandibular length, neck width, neck perimeter, cranial base area 1 and maxillary volume was developed, and did not reach statistical significance. If more patients are enrolled, we may be able to establish a 3-D photographic modality for successfully predicting OSA severity. This needs to be evaluated prospectively.
Our study had several limitations including a gender bias as all our subjects were males. The only two screened female subjects were excluded as they did not complete all image measurements. Because differences between genders were not examined, confounding due to gender differences was not analysed. Ethnicity is also an important consideration in the study. As all subjects were Asians, future research on ethnic differences involving both genders is required. The cost and accessibility of 3-D scanners are also important limitations that may restrict the technique to be applied in some clinical settings. In summary, this study demonstrated that craniofacial measurements using 3dMD were comparable with measurements using 3-D CT. Compared with 2-D photogrammetry, more craniofacial measurements correlated with OSA severity using 3dMD. This 3dMD imaging technique is feasible for the assessment of craniofacial OSA risk in clinical practice as well as large-scale epidemiological studies.
